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Summary
Background: Prolongation of the time to peak strain (TPS) is a sensitive marker of myocardial
ischemia. The purpose of this study was to evaluate whether delayed strain imaging obtained
at 5min after the termination of exercise stress can detect patients with signiﬁcant coronary
artery disease (CAD).
Methods: A total of 45 patients who underwent treadmill stress echocardiography and coronary
angiography were studied. Patients with abnormal wall motion at rest were excluded. Digital
echocardiographic images were recorded at baseline and immediately after the termination
of treadmill stress. Exercise-induced wall motion abnormality was considered as a marker of
myocardial ischemia. Tissue velocity images were also recorded at baseline and 5min after the
termination of treadmill stress, and TPS was measured. TPS ratio was calculated as the ratio
between TPS at delayed post-exercise and TPS at baseline.
Results: Coronary angiography revealed that 30 of the 45 patients had signiﬁcant CAD ≥50%
diameter stenosis. The receiver operating characteristics curve demonstrated that cut-off value
of TPS ratio 1.10 provides best diagnostic accuracy for vessel-based detection of signiﬁcant
CAD. The sensitivity, speciﬁcity, and diagnostic accuracy of the conventional exercise stress
echocardiography for detecting patients with CAD were 87%, 80%, and 84%, respectively. The
sensitivity, speciﬁcity, and accuracy of delayed strain imaging for identifying patients with CAD
were 93%, 73%, and 87%, respectively.
∗ Corresponding author. Tel.: +81 75 812 0165; fax: +81 75 812 0185.
E-mail address: tcardiol@qb4.so-net.ne.jp (T. Takagi).
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Conclusion: Delayed strain imaging obtained at 5min after the termination of exercise stress
ts with signiﬁcant CAD.
ardiology. Published by Elsevier Ireland Ltd. All rights reserved.
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its motion [12]. Longitudinal strain was calculated from
color myocardial velocity loops using dedicated softwarecan accurately detect patien
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readmill stress echocardiography is an established tool
or identifying patients with coronary artery disease (CAD)
1—3]. Because exercise-induced regional wall motion
bnormalities due to myocardial ischemia usually disappear
romptly after the termination of exercise, echocardio-
raphic image acquisition immediately after the termination
f exercise is necessary for accurate diagnosis. Recent stud-
es using new echocardiographic technology such as tissue
oppler derived strain [4,5], diastolic color kinesis [6], and
peckle-tracking derived strain analysis [7] have demon-
trated that post-ischemic regional myocardial dysfunction
ersists after normalization of visible regional contractile
bnormality.
Prolongation of time from the QRS to the onset of regional
elaxation has been found to be a sensitive marker of
yocardial ischemia. This delay in regional relaxation can
e quantiﬁed with tissue Doppler imaging and strain analysis
8,9]. In a previous study using strain analysis, we reported
hat the prolongation of the time to peak strain (TPS) is a
ensitive marker of myocardial ischemia [10]. The purpose
f the present study was to investigate whether delayed
train imaging obtained at 5min after the termination of
xercise stress can accurately detect patients with CAD in
ead to head comparison with conventional treadmill stress
chocardiography.
ethods
tudy patients
e prospectively examined 45 consecutive patients who
nderwent quantitative coronary angiography (QCA) for
he evaluation of CAD from January 2004 to December
008. Patients not having sinus rhythm, patients with
undle-branch block, regional left ventricular wall motion
bnormality at rest, or more than mild valvular heart disease
ere excluded. Patients with unstable angina, decompen-
ated congestive heart failure, or severe chronic obstructive
ulmonary disease were not included. All participants gave
nformed consent before the examinations.
readmill stress echocardiography
ll patients underwent maximum symptom-limited tread-
ill exercise test by using the standard Bruce protocol
Fukuda Denshi Co. Ltd., Tokyo, Japan). Beta-blockers
nd other cardiovascular medication were withheld on the
ay of testing except for short-acting nitrates. A 12-lead
lectrocardiogram (ECG) was recorded at baseline, every
min during the exercise, and every 2min in recovery.
lood pressure was recorded at the same times as the
(
F
r
R
a2-lead ECG recordings. End points for the treadmill exer-
ise test were signiﬁcant ST segment depression (≥2mm in
wo continuous leads, measured 80ms after the J point),
ntolerant symptoms of angina, achieving a target heart
ate [=(220− age)× 0.85 beats/min], systolic blood pres-
ure≥ 220mmHg, or exhaustion.
Two-dimensional echocardiography was performed using
wo commercially available ultrasound machines (Vivid FiVe
ith 2.5MHz transducer from January 2004 to Decem-
er 2006 and Vivid 7 with M4S transducer from January
007 to December 2008, GE Health Care, Milwaukee,
I, USA). Echocardiographic images using standard apical
our-chamber view, apical two-chamber view, and apical
ong-axis view were acquired at baseline and immedi-
tely after peak exercise and stored digitally. Immediate
ost-exercise images were obtained within 1min after the
ermination of exercise. Several successive cardiac cycles
ere captured and stored in memory. The most satisfac-
ory immediate post-exercise images were selected and
ompared with the baseline images on a side-by-side quad-
creen display using continuous cine loop.
Regional wall motion of the left ventricle was graded in
6 segments (Fig. 1) [11] by an investigator with experience
n interpretation of stress echocardiography. Development
f new wall motion abnormality was considered as a marker
f exercise-induced myocardial ischemia. The lack of hyper-
ynamic motion after exercise and delayed contraction
tardokinesis) were also considered abnormal.
issue velocity imaging and strain analysis
sing above-mentioned ultrasound machines, tissue veloc-
ty images were acquired using the standard apical
our-chamber view, apical two-chamber view, and api-
al long-axis view. The operator carefully aligned the
yocardial wall parallel to the ultrasound beam. Tissue
elocity images using high frame rates (≥132 frames/s) were
ecorded at baseline and at 5min after the termination of
readmill stress, and stored digitally. Before starting delayed
ost-exercise tissue velocity image recording, the operator
arefully readjusted echocardiographic plane to obtain the
ost optimal image comparable with baseline image.
Regions of interest were manually placed in the 6 left
entricular portions for derivation of strain curve (Fig. 1).
all motion was tracked semi-automatically to maintain
he sampling volume over the same area of tissue despiteEchoPAC PC, GE Health Care) as previously reported [10].
or strain computation, end-diastole was chosen as the
eference time-point. This was deﬁned to occur at the
-top on the ECG trace. Strain value is expressed in percent
nd is negative for shortening and positive for lengthening
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r ima
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AFigure 1 Tomographic section of the heart standardized fo
coronary vascular beds. Regions of interest were manually pla
curve.
myocardium. Peak strain was deﬁned to be the lowest
strain value for the longitudinal direction over a mean RR
interval. The time delay from the R-top on the ECG trace to
peak strain was measured (Fig. 2). The TPS was corrected
for the heart rate using Bazett’s formula [13] and expressed
in milliseconds. Measurements were averaged over three
cardiac cycles. The TPS ratio was calculated as the ratio
between TPS at post stress and at baseline. Each study was
analyzed by one experienced investigator who was unaware
of the other patient data. The reproducibility of TPS mea-
surement has been reported previously [10]. To obtain the
best cut-off value of TPS ratio for vessel-based detection
a
l
H
K
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Figure 2 Tissue velocity image derived longitudinal strain curve. St
Peak strain is deﬁned to be the lowest strain value over a mean RR
peak strain is measured as time to peak strain (TPS).ging of all myocardial segments corresponding to the three
in the 6 portions of the left ventricle for derivation of strain
f the signiﬁcant CAD, receiver operating characteristics
ROC) curve analysis was performed.
ngiographic analysis
ll patients underwent coronary angiography within 4 weeks
fter the treadmill stress echocardiography at the fol-
owing 6 institutions: Kyoto City Hospital, Kyoto Katsura
ospital, Kyoto Prefectural University of Medicine Hospital,
yoto Second Red Cross Hospital, Kyoto University Hospi-
al, and Shimabara Hospital. QCA assessments were done
rain value is expressed in percent and is negative for shortening.
interval. The time delay from the R-top on the ECG trace to
4 T. Takagi et al.
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Table 1 Patient characteristics and hemodynamics.
Number 45
Age (years) 73± 7
Male (%) 37 (82)
No history of CAD (%) 23 (48)
Previous PCI (%) 20 (44)
Previous CABG (%) 3 (7)
Previous CABG+PCI (%) 2 (4)
Coronary risk factors
Hypertension (%) 39 (87)
Lipid disorder (%) 40 (89)
Diabetes mellitus (%) 23 (51)
Smoking 5 (11)
Medications
Beta-blocker (%) 26 (54)
Calcium channel blocker (%) 32 (71)
Nitrates (%) 7 (16)
Nicorandil (%) 14 (29)
ACEI or ARB (%) 33 (73)
Aspirin (%) 40 (89)
Statins (%) 39 (87)
Oral anti-diabetics (%) 7 (16)
Heart rate — baseline (bpm) 64± 11
Heart rate — peak stress (bpm) 118± 12*
Heart rate — delayed post (bpm) 72± 11*
Systolic blood pressure — baseline (mmHg) 132± 15
Systolic blood pressure — peak stress (mmHg) 166± 19*
Systolic blood pressure — delayed post (mmHg) 136± 17*
Double product — baseline (1000×) 8.4± 1.7
Double product — peak stress (1000×) 19.6± 3.4*
Double product — delayed post (1000×) 9.8± 1.9*
CAD, coronary artery disease; PCI, percutaneous coronary
intervention; CABG, coronary artery bypass graft; ACEI,
angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blocker.
* P < 0.001 vs. baseline.4
ndependently at each institution. Measurements from mul-
iple projections were performed and the results from the
‘worst’’ views were recorded. Signiﬁcant CAD was deﬁned
s ≥50% diameter stenosis.
tatistical analysis
ategorical variables are expressed as absolute value and
ercentage (%). Continuous variables are reported as the
ean value± SD. Differences between baseline and peak
xercise data, and differences between baseline and post-
xercise (5min after the termination of exercise) data were
ested using a Wilcoxon signed rank test. P value less than
.05 was considered to be statistically signiﬁcant.
esults
atient characteristics
linical characteristics of the study patients are shown in
able 1. Twenty of the 45 patients had a history of previous
ercutaneous coronary intervention (PCI), 3 patients had
he history of coronary artery bypass grafting (CABG), and
patients had histories of both PCI and CABG. Fifty-four
ercent of the patients were receiving beta-blocker at the
ime of stress testing.
emodynamics
emodynamics during treadmill stress are also shown in
able 1. Heart rate, systolic blood pressure, and double
roduct at 5min after the termination of exercise remained
reater than those at baseline.
ngiographic analysis
CA demonstrated that 30 of the 45 patients had signiﬁcant
AD. The number of diseased coronary arteries was 1.2± 0.4
n patients with signiﬁcant CAD. Twenty-four patients had
ingle-vessel disease, and 6 patients had double-vessel
isease, giving a total of 19 patients with left anterior
escending artery (LAD) disease, 10 with circumﬂex artery
CIRC) disease, and 7 with right coronary artery (RCA)
isease. None of the patients had triple-vessel disease.
eceiver operating characteristics curve
he ROC curve demonstrated that cut-off value of TPS ratio
.10 provides best diagnostic accuracy with the sensitivity
f 86% and the speciﬁcity of 82% for vessel-based detection
f signiﬁcant CAD (Fig. 3).
omparison of conventional stress echo and
elayed strain analysis
iagnostic accuracy of conventional treadmill stress
chocardiography and delayed strain analysis for vessel-
ased detection of signiﬁcant CAD are shown in Table 2.
Figure 3 The receiver operating characteristics curve demon-
strated that cut-off value of time to peak strain ratio 1.10
provides best diagnostic accuracy with the sensitivity of 86% and
the speciﬁcity of 82% for vessel-based detection of signiﬁcant
coronary artery disease.
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Table 2 Diagnostic accuracy of conventional tread-
mill stress echocardiography and delayed strain analysis
for vessel-based detection of signiﬁcant coronary artery
disease.
Conventional Delayed strain
Sensitivity 78% 86%
Speciﬁcity 95% 82%
Accuracy 90% 83%
Table 3 Diagnostic accuracy of conventional treadmill
stress echocardiography and delayed strain analysis for indi-
vidual vessel-based detection of signiﬁcant coronary artery
disease.
Sensitivity Speciﬁcity Accuracy
Conventional
Left anterior descending 89% 88% 89%
Right coronary artery 71% 100% 96%
Left circumﬂex artery 60% 94% 87%
Delayed strain
Left anterior descending 89% 77% 82%
d
pPositive predictive value 85% 63%
Negative predictive value 92% 95%
Agreement between conventional treadmill stress echocar-
diography and delayed strain analysis was 79% (107 of the
135 vessels). Agreement between two methods was 76% for
the LAD, 73% for the CIRC, and 89% for the RCA.
Diagnostic accuracy of conventional treadmill stress
echocardiography and delayed strain analysis for individ-
ual vessel-based detection of signiﬁcant CAD are shown in
Table 3.Diagnostic accuracy of conventional treadmill stress
echocardiography and delayed strain analysis for patient-
based detection of signiﬁcant CAD are shown in Table 4.
Agreement between conventional treadmill stress echocar-
D
T
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Figure 4 80-Year-old male patient with signiﬁcant coronary artery
induced new left ventricular wall motion abnormality appears in
arrows). Normal strain curve is obtained in the anterior segment a
delayed post-exercise (D). Time to peak strain ratio is 1.12.Right coronary artery 100% 92% 93%
Left circumﬂex artery 70% 74% 73%
iography and delayed strain analysis was 76% (34 of the 45
atients).
Representative cases are shown in Figs. 4 and 5.iscussion
his study demonstrated that delayed strain imaging
ecorded at 5min after the termination of exercise stress,
disease in the mid left anterior descending artery (A). Exercise-
the anterior segments in immediate post-exercise image (B,
t baseline (C). However, time to peak strain is prolonged at
46
Table 4 Diagnostic accuracy of conventional treadmill
stress echocardiography and delayed strain analysis for
patient-based detection of signiﬁcant coronary artery
disease.
Conventional Delayed strain
Sensitivity 87% 93%
Speciﬁcity 80% 73%
Accuracy 84% 87%
Positive predictive value 90% 88%
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sing the cut-off value of TPS ratio≥ 1.10, could accurately
dentify patients with signiﬁcant CAD. Our ﬁndings are con-
istent with recent studies using tissue Doppler derived
train [4,5], diastolic color kinesis [6], and speckle derived
train [7], which have demonstrated that post-ischemic
egional myocardial dysfunction persists after normalization
f visible regional contractile abnormality.
In the present study, head to head comparison revealed
hat delayed strain analysis was equally accurate for detect-
ng patients with signiﬁcant CAD compared to conventional
readmill stress echocardiography in the clinical setting.
c
m
e
i
l
igure 5 68-Year-old male patient with signiﬁcant coronary arte
nduced new left ventricular wall motion abnormality appears in the i
he anterior and inferior segments at baseline (C). Normal strain cur
D, green line), however, prolongation of time to peak strain is obser
atio is 1.02 in the anterior and 1.22 in the inferior segment, respecT. Takagi et al.
ith conventional treadmill stress echocardiography, only
ost-exercise imaging immediately after the termination
f exercise is available. This results in the possibility of
schemia-induced wall motion abnormality resolving rapidly
nd hence a false-negative study. This effect is most likely
ith milder stenosis or single-vessel disease [14]. In the
resent study, 60% of the patients with CAD had single-
essel disease, and this condition might be less favorable
or conventional treadmill stress echocardiography.
isual wall motion assessment versus strain image
nalysis
n stress echocardiography, ischemia has been deﬁned as
regional reduction or deterioration of myocardial thick-
ning or inward motion of the endocardial border. It has
een reported that modern echocardiographic technology in
ombination with standardized digital image processing and
niform reading criteria results in a higher inter-institutional
greement in the interpretation of stress echocardiogram
ompared to historic reports [15]. However, visual assess-
ent of the wall motion is still subjective and dependent on
xperience [16,17]. This makes it more difﬁcult to detect
nducible myocardial ischemia in the territory of non-culprit
esions, because non-culprit lesions may induce more sub-
ry disease in the proximal right coronary artery (A). Exercise-
nferior segments (B, arrows). Normal strain curve is obtained in
ve is obtained in the anterior segment at delayed post-exercise
ved in the inferior segment (D, yellow line). Time to peak strain
tively.
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CDelayed strain echocardiography for detection of coronary a
tle regional myocardial dysfunction for the same strength
of exercise stress compared with culprit lesions. This may
be the reason for relatively low sensitivity of conventional
visual wall motion assessment for vessel-based detection
of CAD compared to the delayed strain analysis shown in
Table 2. Previous studies have suggested that strain imaging
is more sensitive for detecting acute ischemia than regional
wall motion analysis [18].
As shown in Table 3, sensitivity of delayed strain anal-
ysis for detecting the RCA lesion is higher than that of
conventional wall motion assessment. In this study, only
inferior segments in the apical two-chamber image were
assigned for the RCA territory. This may be the reason for
relatively low sensitivity of conventional method. In the
strain analysis, although only one point in the inferior wall
was assigned for the RCA territory, good alignment of the
myocardial wall to the ultrasound beam may result in higher
sensitivity.
In this study, posterior segments were assigned for the
CIRC territory. This study design may be the reason for rela-
tively low speciﬁcity of delayed strain analysis for detection
of the CIRC lesion. Four of the nine patients with false posi-
tives in the CIRC region had RCA lesions, and TPS ratio≥ 1.10
was observed in the inferior and posterior segments.
Prolongation of TPS and TPS ratio
The possible mechanisms of prolongation of TPS are delayed
contraction and post-systolic shortening. Both have been
known as markers of myocardial ischemia. In a recent
study, Onishi et al. demonstrated that post-systolic short-
ening detected with diastolic abnormality by dyssynchrony
image derived from tissue Doppler imaging can detect CAD
in patients with chest pain and normal left ventricular
wall motion [19]. The presence of post-systolic shortening,
however, is not speciﬁc to myocardial ischemia, and prolon-
gation of TPS may occur in nonischemic segments [9]. In the
current study, we analyzed the ratio between TPS at delayed
post-exercise and baseline to separate ischemic from non-
ischemic prolongation of TPS, and to increase speciﬁcity of
this marker of ischemia.
Comparison with regional diastolic dysfunction
In a previous study, Zhu et al. demonstrated that tissue
Doppler derived strain analysis using strain diastolic index
ratio could detect post-ischemic regional myocardial dias-
tolic dysfunction at 5min after the termination of exercise
[5]. Because, both parameters were derived from tissue
Doppler method, head to head comparison between TPS
ratio and diastolic strain index ratio in detection of CAD
is required. However, it was challenging to obtain optimal
strain curve during the whole cardiac cycle, therefore only
the TPS was determined in the present study.
Recently, Ishii et al. has demonstrated that two-
dimensional speckle-tracking derived transverse strain
analysis using strain image diastolic index ratio could detect
post-ischemic regional myocardial diastolic dysfunction not
only at 5min but also at 10min after the termination of
exercise [7]. Speckle-tracking derived strain, in contrast to
tissue Doppler derived strain, is not inﬂuenced by the angle
D
t
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f the incident beam. On the other hand, Doppler derived
train has an advantage in its high frame rates compared
ith the speckle-tracking method. It seems that speckle-
racking derived strain is suitable to address changes in
train value and tissue Doppler derived strain is suitable to
ddress temporal change.
linical implications
urrently, efﬁcient implementation of treadmill stress
chocardiography is limited because of the rapid return of
he heart rate to baseline, leaving only seconds to obtain the
ecessary post-exercise images for wall motion interpreta-
ion. Any delay in post-exercise imaging may be responsible
or a loss of sensitivity, particularly for the diagnosis of
ilder or well-collateralized coronary disease. Snapshot
mages collected in this hurried fashion are often subop-
imal in quality because of excessive translational motion
nd the challenge of locating the best echo window in a
imited period. The present study suggested that delayed
ost-exercise strain imaging can provide a second arrow to
esolve this problem. Using this technique, the operator has
nough time to readjust echocardiographic plane to obtain
ost optimal post-exercise images comparable with base-
ine images.
tudy limitations
ecause of the limited number of the study patients, the
esults should be interpreted with care. In the present
tudy, 30 of the 45 patients had signiﬁcant CAD by QCA.
his high prevalence of CAD may inﬂate the sensitivity of
readmill stress echocardiography and post-exercise strain
nalysis.
In the current study, for the sake of clarity, we excluded
atients with wall motion abnormality at rest. Further stud-
es will be needed to address strain image analysis of scar,
artial scar, and dysfunctional but viable myocardium.
In this study, only apical views were examined and strain
easurements were made only along the longitudinal plane.
herefore, important information about transverse strain,
adial strain, and circumferential strain may be lost. How-
ver, despite these potential limitations, our results showed
hat one-dimensional high-temporal resolution strain
ould give valuable information on regional myocardial
schemia.
Currently, this imaging technique requires additional
ff-line analysis and is time consuming. More clinical inves-
igations in this area are needed to provide optimal use of
his imaging technique.
In the present study, QCA assessments were performed
n 6 different institutions. The fact that there was highly
ariable number of operators performing the QCA analysis
n this study may affect the results.
onclusionelayed strain imaging obtained at 5min after the termina-
ion of treadmill stress can accurately detect patients with
igniﬁcant CAD.
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